This paper describes the influence of severe plastic deformation (SPD) on the structure, phase transformations, and physical properties of melt-spun Ti 2 NiCu-based and Ni 2 MnGa-based shape memory intermetallic alloys. It was found that the SPD by high pressure torsion (HPT) at room temperature can be effectively used for the synthesis of bulk nanostructured states in these initially submicro-grained or amorphized alloys obtained by melt-spinning method in the form of a ribbon. The subsequent low-temperature annealing of HPT-processed alloys leads to formation of homogeneous ultrafine nano-grained structure. This is connected with a very high degree and high homogeneity of deformation at SPD in the whole volume of deformed samples.
Introduction
Among different metallic shape memory materials, the alloys based on intermetallic compounds the B2-TiNi and L2 1 -Ni 2 MnGa attract great interest due to unique shape memory effects. [1] [2] [3] [4] TiNi-based alloys are most widely used in various practical applications. The Ni 2 MnGa-based alloys are of especial attention as a new smart material with shape memory effects controlled by magnetic field.
Quenching from the liquid state by using the melt-spinning technique is one of the possible procedures to modify the microstructure, transformation behavior and thermomechanical characteristics of these alloys. 5, 6) Our recent studies have shown that severe plastic deformation (SPD) at relatively low temperatures could be effectively used for formation of homogeneous nanocrystalline structure and even amorphous state in TiNi-based alloys. [6] [7] [8] [9] [10] [11] [12] For the first time in this work there has been conducted the SPD-technique of rapidly quenched (RQ) Ti-Ni-Cu and Ni-Mn-Ga shape memory alloys that has resulted in their nanocrystalline state.
Experimental
Two shape memory alloys were used as the initial materials for the research work. They were Ti 50 Ni 25 Cu 25 and Ni 54 Mn 21 Ga 25 , which had been obtained in the form of thin ribbons by melt spinning, i.e. rapid quenching on a rotating disk at the cooling rate of 10 5 K/s. Both these two melt-spun alloys were subjected to SPD by high pressure torsion (HPT) at room temperature under pressure of 5 GPa. As a result of this processing 100%-density disc samples having 10-12 mm in diameter and 0.2-0.3 mm in thickness were produced from the initial ribbons. During HPT the logarithmic true strain can be estimated using the equation e ¼ lnðr'=hÞ, where r -radius of the sample, h -thickness of the sample, ' -rotation angle. In our case we used deformations of 5-10 revs, equivalent to the logarithmic true strain e ¼ 6{8. Annealing of samples (temperatures 300 Ä 500 C, times -5 Ä 60 min) was performed in the vacuum furnace at 10 À3 Pa. X-ray diffraction analysis was made using a DRON-3M diffractometer using CuK radiation monochromatized by a graphite single crystal. Transmission electron microscopy (TEM) was performed using the microscopes JEM-200CX and CM-30. We also measured the electrical resistivity (T) and magnetic susceptibility (T) properties in wide temperature interval (À196 Ä þ500 C). The thermal behavior of Ti 2 NiCu alloy samples was evaluated using DSC calorimeter under continuous-heating conditions in the atmosphere of pure argon.
12) The experimental procedures of measurements of microhardness and shape memory effects at room temperature are given in. 13) 3. Results and Discussion
Ti 50 Ni 25 Cu 25 alloy
The alloy had an amorphous structure in its initial rapid quenched state. 5, 6) This was confirmed by TEM and X-ray investigations at room temperature (Figs. 1 and 2). However after the severe deformation using HPT at room temperature, though the diffraction methods still indicated the amorphous structure of the alloy [ Fig. 2(b) ], TEM studies showed the appearance of many nanocrystalls of very small sizes about 2-3 nm [ Fig. 1(c) ].
The principal difference in behavior of this alloy in an amorphous state and after HPT was revealed during further annealing. As it is seen on Fig. 2 (a) the amorphous alloy was crystallized during 5 min isothermal annealing at 450 C, then while cooling a martensite B19-phase is forming. According to TEM the microstructure of the alloy after annealing is rather non-uniform and together with small grains it contains large grains with size about 1 micron [ Fig. 1(b) makes it possible to produce uniform nanocrystalline structure with grain size less than 50 nm [ Fig. 1(d) ]. According to DSC analysis the crystallization in this amorphous RQ-alloy takes place during heating up to 470-490 C. 12) In this temperature interval, one may observe the crystallization peak on the DSC curve. The situation is quite different with this RQ-alloy subjected to HPT. DSC peak becomes significantly broader and moves to lower temperatures. It is interesting that the structure of RQ + HPT alloy annealed at 400 C during 5 min is an austenitic B2-phase after cooling [ Fig. 2(b) ]. In other words imposing the SPD on the amorphous alloy entails the alloy nanocrystallization during the heating process and doesn't change its phase composition after the annealing and further cooling to the room temperature.
According to TEM, (T) and (T) data, in conventional polycrystalline alloy Ti 50 Ni 25 Cu 25 the temperature of direct B2 ! B19 martensite transformation upon cooling equals $ 50 C, that is why there is a B19-martensite phase in the alloy at room temperature. In this connection, the existence of only B2-austenitic phase after HPT and subsequent annealing can be related to the martensite transformation retardation in the alloy with a nanocrystalline grain size. This fact is known in the literature for ultrafine-grained Ti-Ni alloys. [6] [7] [8] As to the alloy Ti 50 Ni 25 Cu 25 , a critical grain size is about 20-30 nm. Martensite transformation does not take place even at liquid nitrogen temperature below this size.
Ni 54 Mn 21 Ga 25 alloy
In initial state this Heusler-type alloy had coarse-grained structure of the L2 1 -austenite with average grain size about 500 mm. The optical and electron microscopy investigations have shown that the as-quenched ribbons were finely polycrystalline with a grain size of about 0.5-1.0 mm depending on rotation velocity of copper wheel. After the SPD using HPT, TEM investigation showed the appearance of amorphous-nanocrystalline state with a grain size of 10-20 nm [ Fig. 3(a) ].
Analysis of X-ray [ Fig. 4(a) ] and electron [ Fig. 3(b) ] diffraction showed that at room temperature the RQ + HPT alloy had unusual tetragonal martensitic structure. On the basis of TEM-data the homogenous nanocrystalline structure with different grain sizes in Ni 54 Mn 21 Ga 25 alloy subjected to HPT can be obtained by controlled annealing (Fig. 5) . For instance, after annealing at 350 C for 10 min a mean grain . It is known that coarse-grained Ni 50 Mn 25 Ga 25 -based alloys undergo direct stepped L2 1 ! 5M ! 7M martensite transformations. 13) We showed that nano-and submicrocrystalline RQ + HPT Ni 54 Mn 21 Ga 25 -alloy underwent high reversible two-step L2 1 $ 5M $ 7M martensite transformations (Fig. 6) . The typical electron-diffraction patterns of 5M-[ Fig. 6(c) ] and 7M-[ Fig. 6(d) ] martensites with satellite extra reflections in positions 1/5 h220i Ã and 1/7 h220i Ã are given in Fig. 6 . Also as in SPD-TiNi, after HPT and annealing the critical temperatures of these transformations decreased [ Fig. 4(b) ]. In the HPT submicrocrystalline Ni 54 Mn 21 Ga 25 -alloy both martensites have unusual predominantly single-packet morphology (Fig. 6) , which is characterized as thin platelike crystals twinned in pair on one of (110) L2 1 planes. Comparing the average sizes of the martensite crystals formed in coarse-grained alloy, note that the plate martensite crystals after HPT and annealing are substantially smaller both in length and in thickness. This is apparently due to the substantially finer grains in the HPTprocessed alloys. Moreover, in nanocrystalline alloy after HPT and low-temperature annealing 5M-and 7M-martensites have the form of single crystal.
Measurements of the microhardness as well as tensile tests [8] [9] [10] showed that the SPD-alloys exhibit maximum strengthening and good ductility in the nanocrystalline state. After bending deformation these materials have a complete shape memory (shape recovery 95-100%), high reversible strain and recovery stress generated by memory elements. Moreover, Ni 54 Mn 21 Ga 25 alloy demonstrate shape memory effect under influence of magnetic field.
Summary
It is shown that nanostructured Ni 2 MnGa and TiNi-based alloys can be produced using combined melt-spinning and severe plastic deformation processing. In these SPD-alloys homogeneous nanostructured states with different grain sizes (10-200 nm) can be obtained by subsequent low-temperature annealing. But mechanism and dynamics of crystallization in these alloys changes as a result of SPD.
We found that the transition from usual coarse-grained structure to nanostructures has a strong influence on martensite transformations. Martensite transformations are suppressed at the grain size below the critical point ($20 nm). At the same time the nanostructured states with the size up to 100-200 nm demonstrate the unique properties of high strength and satisfactory ductility, as well as increased recovery stress and reversible strain of shape memory effects. Nanostructured Ni 2 MnGa-based alloys exhibit a possibility of magnetic field controlled shape memory effects.
